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Rat brain S-100 (S-100b) and ox brain S-100a o, S-100a and S-100b have been tested for their ability to con- 
trol the assembly and disassembly of brain microtubule proteins in the presence of either Ca 2÷ or Zn 2÷, 
in vitro. In the presence of Ca 2+, single S-100 isoforms have similar, if not identical, effects, i.e. they inhibit 
assembly and promote disassembly. In the presence of Zn 2÷ from 0.1 to 1 mM (free concentration), rat S-100 
and ox S-100a and S-100b inhibit assembly, while S-100a ois without effect. These data are briefly discussed 
in relation to the cellular localization of single S-100 isoforms in the brain. 
S-IO0 isoform Microtubule Tubulin Calcium Zinc 
1. INTRODUCTION 
S-100 [1] is a protein fraction present in large 
amounts in the mammalian brain and belonging to 
the family of Ca2+-binding proteins [2,3]. Three 
S-100 isoforms can be purified from ox brain, 
S-100ao, S-100a and S-100b, which are character- 
ized by the same Mr (21000) and a similar pHi 
(-4.3),  but differ in their subunit composition (ace, 
ceil, andflfl, respectively) [2-4], S-100a and S-100b 
are by far the most abundant and confined to glial 
cells [5-8], while S-100ao represents 2-4°70 of all 
ox brain S-100 and appears to be specific to 
neurons [8]. 
A crude S-100 fraction containing S-100a and 
S-100b has been shown to be involved in the 
Ca2+-mediated control of the assembly- 
disassembly of brain MTPs in vitro [9-11]. Also, 
it was shown that S-100(a + b) interferes with both 
the nucleation and the elongation of MTs by in- 
teracting with tubulin [12,13]. 
S-100a and S-100b also bind Zn 2÷ [14]. Different 
effects on Zn2+-induced MTP assembly have been 
reported for S-100a and S-100b [15]. In view of 
these data and of the suggestion that S-100a has a 
greater ability to expose a hydrophobic surface to 
the solvent in the presence of Ca 2÷ than S-100b, 
while the opposite seems to occur with Zn 2÷ [14], 
we sought o determine the Ca2+-dependent effects 
of S-100ao, S-100a and S-100b on MT assembly- 
disassembly, and to reinvestigate the effects of 
single isoforms on the same system in the presence 
of Zn 2÷. We also investigated the effects of rat 
brain S-100, which has been reported to be i>95°/0 
S-100b [4,16]. 
2. MATERIALS AND METHODS 
Abbreviations: MTPs, microtubule proteins; MTs, 
microtubules; A35o, absorbance at350 nm; Mes, 4-rnor- 
pholineethanesulfonic acid; PC-tubulin, phosphocellu- 
lose-purified tubulin; DMSO, dimethylsulfoxide 
2.1. Purification o f  S-IO0 proteins 
Rat brain S-100 was purified as in [12]. S-100a0, 
S-100a and S-100b were purified from ox brain as 
in [4,5]. Single isoforms were pure by high- 
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performance reversed-phase chromatography (see 
legend to fig.1). The rat brain S-100 used in this 
study was 100% S-1OOb (fig, 1). The S-100 concen- 
tration was measured using the value of Z$!&” = 
0.91,0.525, and 0.185 for ox brain S-lOOa0, S-100a 
and S-100b, respectively [4,5]. The concentration 
of rat brain S-100 was also calculated using the 
value of E&tp” = 0.185 [16] since the isoform was 
100% S-1OOb (fig.1). 
2.2. Purification of MTPs and assay of MTP 
assembly-disassembly 
MTPs were obtained from adult rat brains by 
cycles of assembly-disassembly [17]. The third cy- 
cle of assembly-disassembly was carried out on the 
day of experiments. Tubulin represented -80% of 
MTPs as judged by SDS-polyacrylamide gel elec- 
trophoresis and densitometric scanning of the gel 
(not shown). Tubulin was separated from MTPs as 
in [18]. MTP assembly was monitored spec- 
trophotometric~ly as the increase in absorbance at 
350 nm (A350) at 37°C in 0.5 ml of 0.1 M Mes, pH 
6.7, 1 mM EGTA, 1 mM MgC12, -1OrM free 
Ca2+ (buffer A), or 0.02 M Mes, pH 6.7, 1 mM 
EGTA, 1 mM MgC12, 0.12 M KCI, -1OpM free 
Ca2+ (buffer B), or 0.1 M Mes, pH 6.7, 1 mM 
EGTA, 1 mM MgCl2 and either 1.1 mM ZnCl2 
(buffer C) or 2 mM ZnClz (buffer D). After 1 min, 
GTP was added to 0.5 mM. PC-tubulin assembly 
was monitored as above in buffer B containing 
0.5 mM GTP. After 2.5 min, DMSO was added to 
10% 1191. The rate of assembly and disassembly 
was calculated on the steepest portion of curves as 
AA35o/min. 
2.3. Others 
The MTP and PC-tubulin concentration was 
calculated as in (201 against a standard solution of 
bovine serum albumin. The free Ca” concentra- 
tion was calculated as in 1211. The free Zn2+ con- 
centration was calculated on the assumption that 
1 mM EGTA chelates 1 mM Zn2+ [22]. 
2.4. materials 
A polymer-based reversed-phase packing, TSK 
gel Phenyl-5PW RP, with a particle diameter of 
10 pm and a pore size of 1000 A was from Toyo 
Soda, Tokyo; acetonitrile (chromatography grade) 
and triffuoroacetic acid (sequanal grade) from 
Wake, Tokyo; water was distilled, passed through 
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a mixed-bed polystyrene resin, and redistilled 
before use; Mes was from USB Corp., Cleveland, 
OH; phosphocellulose (PI 1) from Whatman, 
Springfields Mill, Maidstone, England; GTP from 
Boehringer, Mannheim; DMSO from Carlo Erba 
Farmitalia. Milan. 
3. RESULTS 
Single S-100 proteins potentiate the MT 
disassembling effect of high Ca2* concentrations 
with nearly identical characteristics (fig.2A). Also, 
they increase the lag and decrease the rate and ex- 
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Fig.1. Analysis of ox brain S-lOOa (A), S-100a (B), 
S-1OOb (C), and rat brain S-100(D) by high-performance 
reversed-phase chromatography. The chromatography 
was performed on a Shimadzu (Kyoto, Japan) model 
LC 3A liquid chromatograph equipped with a dual- 
wavelength UV detector (8 mm light path). Sample 
proteins (S-1Opg) were introduced onto a column 
(0.46 x 7.5 cm) of TSK gel Phenyl9PW RP, and eluted 
by the use of a linear gradient from 20% (v/v) to 75% 
acetonitrile in O.l’Fo (v/v) trifluoroacetic acid at a flow 
rate of 1 .O ml/min (4). Note that the S-100 preparations 
used in this study were pure, and consisted of m-subunit 
(A, ox S-lOOao), LY- and P-subunit (B, ox S-lOOa), p- 
subunit (C, ox S-IOOb), and P-subunit (D, rat S-100), 
respectively. 
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Fig.2. Ca’+-mediated effects of rat brain S-100 and ox 
brain S-lOOae, S-1OOa and S-100b on MT assembly- 
disassembly. (A) Assembly was carried out in buffer A 
containing MTPs corresponding to 11 ,uM tubulin dimer 
in the absence (c, control) and presence of 22,uM 
(intermediate curves) and 44 pM (lower curves) each of 
the S-100 proteins used in this study (1, rat S-100. 2, ox 
S-lOOa*; 3, ox S-lOOa; 4, ox S-IoOb). At the arrow (curve 
c), either Ca” to 1 mM (free concentration, a) or Ca2+ 
to 1 mM (free concentration) plus 1OpM each of the 
S-100 proteins (b) were added in a small volume. For the 
sake of clarity, only one representative curve of 
Ca’+-S-100~induced disassembly is reported. No 
significant difference was detected, in fact, in the rate 
and extent of single S-loo-induced disassembly. The rate 
of assembly was 0.046 AA&min (c), 0.016 AA&min 
(in the presence of 22pM S-100) and 0.007 dA&min 
(in the presence of 44,~M S-100). (B) Assembly was 
carried out in buffer B containing MTPs corresponding 
to 16,uM tubuhn dimer in the absence (c, control) and 
presence of 27yM (intermediate curves) and 45 pM 
(lower curves) each of the S-100 proteins used in this 
study. The rate of assembly was 0.088 AA&min (c), 
0.052 AAxso/min (in the presence of 27 pM S-100) and 
0.028 AA&min (in the presence of 45 /M S-100). See 
A for explanation of figures. 
tent of assembly in a dose-dependent way in the 
presence of -10 PM free Ca2+ again with nearly 
identical characteristics, whether or not 0.12 M 
KC1 is present in the medium (fig.lA and B). The 
inhibitory effect of S-lOO(a+ b) is Iarger in the 
presence than in the absence of KC1 [I 11, probably 
due to the increased lability of MTPs under the 
former condition [23,24]. This seems to be true 
with any of the S-100 isoforms tested here. In fact, 
in spite of the higher MTP concentration used in 
experiments performed in the presence of KCI, the 
half-maximal inhibition of assembly is attained at 
a lower S-lOO/tubulin dimer molar ratio in the 
presence than in the absence of KCl. 
The DMSO-induced assembly of PC-tubulin in 
the presence of -1OpM free Ca*+ is inhibited to 
the same extent by either of the S-100 proteins used 
in this study (fig.3), indicating that single S-100 
isoforms interact with tubulin as is the case with 
bovine S-lOO(a+b) 112,131. 
Zn*’ has been shown to induce the assembly of 
MTPs into MTs or into sheets of protofilaments 
depending on the free Zn*’ concentration 
[22,25,26]. Zn*+ has been reported to produce con- 
formational changes in both S-100a and S-100b 
[ 141 and to bind with high affinity preferentially to 
S-1OOb 1271, but to produce larger changes in the 
tertiary structure of S-100a than of S-lOOb, as in- 
vestigated by circular dichroism [28]. S-100a and 
S-100b have been reported to produce different ef- 
fects on the Zn*+-induced MTP assembly, S-100a 
inhibiting the formation of sheets of pro- 
tofilaments without any evident effect on the 
kinetics of the assembly and S-1OOb also inhibiting 
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Fig.3. Ca’+-mediated effects of rat brain S-100 and ox 
brain S-lOOa@, S-1OOa and S-1OOb on PC-tubulin 
assembly. PC-tubuhn (11 PM) was assembled in buffer 
B in the absence (c, controt) and presence of 20 +&I each 
of the S-100 proteins used in this study. The rate of 
assembly was 0.060 AA&min (c) and 0.030 AA3&min 
(in the presence of S-100). See the legend to fig.fA for 
explanation of figures. 
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Table 1 
Effect of rat brain S-100 and ox brain S-lOOao, S-100a and S-100b on the 
assembly of brain MTPs in the presence of various concentrations of ZnC12 
Isoprotein 1.1 mM ZnClz 2 mM ZnClz 
AA3501 .43soC Lag* AA3501 A350’ Lag* 
minb minb 
Nonea 100 100 30 100 100 30 
Rat S-100 62 82 60 53 71 60 
Ox S-lOOa 93 100 30 95 98 30 
Ox S-1OOa 65 88 60 56 73 60 
Ox S-100b 68 84 60 54 71 60 
MTPs corresponding to 11 ,uM tubulin dimer were assembled in buffer C or 
buffer D in the absence= and presence of 22 ,uM each of the S-100 proteins listed 
above. Results are expressed as the percentage of the rate of assemblyb and of 
the A3s0 value at equilibrium’. Lag of assembly in S* 
July 1985 
the assembly by turbidimetric assay at a low 
Zn2+/S-100b molar ratio and potentiating the 
Zn*+ effect at a Zn2+/S-100b molar ratio > 4 [15]. 
In our hands, in the presence of 11 PM tubulin 
dimer, 1 mM EGTA and either 1.1 or 2 mM ZnCl2 
rat brain S-100 and ox brain S-100a and S-100b 
(22pM each) produce nearly the same effect, i.e. 
an increase in the lag and a decrease in the rate and 
extent of assembly, while S-lOOa is virtually 
without effect (table 1). 
4. DISCUSSION 
The present data indicate that single S-100 
isoforms purified from rat and ox brain exert 
equipotent effects on the MT assembly- 
disassembly in the presence of Ca2+ in vitro. This 
is in accordance with the observation that the cy- 
and &subunits of S-100 bind Ca2+ with the same 
affinity and that Ca2+ produces similar changes in 
the tertiary structure of single subunits [14,29-311. 
Other reported differences in the nature of 
Ca*+-induced conformational changes in S-100a 
and S-lOOb, e.g. the greater ability of Ca’+ to in- 
duce the exposure of a hydrophobic surface on 
S-1OOa than on S-100b 1141, seem to be irrelevant 
from the standpoint of the effect on MT assembly- 
disassembly. We cannot exclude, however, that 
these differences could be important as far as the 
involvement of one or more S-100 isoforms in 
other activities is concerned. As to the interaction 
68 
between S-100 proteins and MTPs, there is 
evidence that hydrophobic forces do drive the pro- 
cess, as neither the effect of single isoforms on 
MTP and PC-tubulin assembly (figs 2 and 3) nor 
the direct binding of S-lOO(a+ b) to PC-tubulin 
[13] is inhibited by 0.12 M KCl. 
We were not able to confirm the data on the dif- 
ferent effects of S-100a and S-100b on the 
Zn2+-induced MTP assembly [151. Rat brain S-100 
and ox brain S-100a and S-100b appear to inhibit 
MTP assembly with the same characteristics, in- 
dependently of the Zn2+ concentration. At present, 
we do not known the reason(s) for this discrepan- 
cy. S-lOOa is practically without effect in the 
presence of Zn*+, a result which has no ready 
explanation. 
In view of the association between S-100 and 
some microtubule structure [7,32,33] and of the 
data so far reported on the effect of S-100 on the 
in vitro MT assembly-disassembly, the S-100 frac- 
tion could be considered one of the factors of the 
brain cytoplasm thought to be responsible for the 
strong sensitivity of the MTPs present in crude 
brain extracts to micromolar Ca*+ levels [34]. With 
the due caution, our data suggest hat S-100a and 
S-100b could have a role in the Ca*+-mediated 
regulation of the state of assembly of MTs in glial 
cells, where the two isoproteins seem to be con- 
fined, also in consideration of the rather high con- 
centration of the two proteins in these cells (the 
S-100 concentration in the brain ranges from 10 to 
Volume 186, number 1 FEBS LETTERS July 1985 
20 PM, depending on the region considered [35,36] 
and is expected to be greater in glial cells). Instead, 
though as effective as the other isoforms in vitro, 
due to its very low concentration in the brain, 
S-lOOa is expected to have a marginal, if any, role 
in the control of the MT assembly-disassembly in 
neurons. 
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